In 2015, the US Food and Drug Administration (FDA) approved the anti-proprotein convertase subtilsin/kexin type 9 (PCSK9) monoclonal antibodies, alirocumab and evolocumab, to treat patients with hypercholesterolemia and mixed dyslipidemia. Since then, considerable attention has been paid to the use of these monoclonal antibodies for the treatment of diabetic dyslipidemia with a goal of reducing the risk for cardiovascular disease. Recently, consensus statements on the clinical use of PCSK9 inhibitors in patients with type 2 diabetes mellitus, who are unable to achieve the goal of low-density lipoprotein cholesterol (<70 mg/dL or <1.8 mmol/L), have been published by panels of experts in Greece, Europe (European Society of Cardiology and European Atherosclerosis Society Task Force), and the United States (American College of Cardiology Consensus Committee). On December 1, 2017, the FDA approved evolocumab to prevent heart attack, stroke, and coronary revascularization. In this article, we review recent advances concerning the pathophysiology of diabetic dyslipidemia, the physiology of PCSK9, the mechanisms of action of PCSK9 inhibitors, clinical trials examining PCSK9 inhibitors in type 2 diabetes, and perspectives of nonstatin therapy in the treatment of diabetic dyslipidemia.
I
n 2015, the US Food and Drug Administration (FDA) approved the first anti-proprotein convertase subtilsin/kexin type 9 (PCSK9) monoclonal antibodies, alirocumab and evolocumab, to treat patients with hypercholesterolemia and mixed dyslipidemia. The FDA stated that elevated low-density lipoprotein (LDL) cholesterol is a risk factor for cardiovascular diseases. For several years, the regulatory agency has used a reduction in LDL cholesterol as a validated surrogate of cardiovascular risk for several lipid-altering drugs to support approval. 1, 2 In this regard, alirocumab and evolocumab significantly lowered LDL cholesterol from baseline relative to the comparators. 1, 2 Since then, considerable attention has been paid to the use of the two monoclonal antibodies for targeting PCSK9 as a treatment for diabetic dyslipidemia with the goal of reducing the risk of cardiovascular disease. 3, 4 Clinical phase 3 trials of alirocumab and evolocumab have demonstrated that both drugs substantially decrease LDL cholesterol and nonhigh-density lipoprotein cholesterol (non-HDL-C) levels in patients with type 2 diabetes mellitus. [5] [6] [7] [8] [9] [10] There has been a growing opinion that PCSK9 inhibitors may be used safely among adults with diabetes mellitus who are statin intolerant and have high cardiovascular risk. 11, 12 Hence, the introduction of PCSK9 inhibitors offers a nonstatin therapeutic option for the treatment of type 2 diabetic patients who are unable to achieve their LDL cholesterol goals (<70 mg/dL or <1.8 mmol/L) with statin therapy. On December 1, 2017, the FDA approved evolocumab to prevent heart attack, stroke, and coronary revascularization. 13 Here we review advances regarding the pathophysiology of diabetic dyslipidemia, the physiology of PCSK9, the mechanisms of action for PCSK9 inhibitors, clinical trials examining PCSK9 inhibitors in patients with type 2 diabetes, and nonstatin therapies for the treatment of diabetic dyslipidemia.
PATHOPHYSIOLOGY OF DIABETIC DYSLIPIDEMIA
Both insulin resistance and hyperglycemia play a significant role in the pathophysiology of diabetic dyslipidemia. The pathogenesis of diabetic dyslipidemia has been ascribed to abnormalities in the quantity, quality, and kinetics of lipoprotein.
14-16 Quantitative derangements include an increase in triglyceride levels and a decrease in HDL cholesterol levels. Qualitative abnormalities include a higher participation of large very low-density lipoprotein (VLDL) 1, small density LDL particles, triglyceride-rich VLDL 1, and triglyceride-rich HDL 2, and kinetic abnormalities include an increased production of VLDL 1, decreased VLDL catabolism, and increased HDL catabolism. Therefore, VLDL 1 has become a primary focus in the pathophysiology of diabetic dyslipidemia. In addition, hyperglycemia likely acts as the driving force behind the overproduction of VLDL 1, and the function of free fatty acids appears to act as an inducer to increase VLDL production because hepatic fatty acid availability regulates VLDL-triglyceride production.
PHYSIOLOGY OF PCSK9
Remarkable advances have been achieved since PCSK9's first description in 2003, 17 rendering it a promising treatment for diabetic dyslipidemia. Cutting-edge discoveries, such as genetic variants of gain-of-function 18 and loss-of-function mutations 19 in the PCSK9 gene, aid in the understanding of PCSK9's role in regulating cholesterol homeostasis by exerting opposite effects on LDL cholesterol levels and cardiovascular risks. 20 PCSK9 originates from hepatocytes, and it is an endogenous inhibitor of the hepatic LDL receptor. After PCSK9 binds to the LDL receptor, the LDL receptor degrades in the endosomes and lysosomes, promoting their clearance in the hepatocyte and preventing the recycling of the LDL receptor back to the cell surface, ultimately increasing plasma LDL cholesterol concentrations 21 ( Figure 1a ).
MECHANISM OF ACTION OF PCSK9 INHIBITORS
PCSK9 binds to the LDL receptor, resulting in its degradation in the endosomes and lysosomes; however, pharmacological inhibition of PCSK9 prevents its binding. 22, 23 Figure 1b illustrates that the inhibition of PCSK9 reduces the degradation of LDL receptors, allowing for more LDL receptor recycling to the surface of hepatocytes, which increases the clearance of LDL receptors and substantially lowers plasma LDL cholesterol as well as apolipoprotein B (Apo B)-100. 23 It is noteworthy that PCSK9 inhibitors may induce further LDL cholesterol reduction and generally improve the lipid profile in patients with diabetes. 4 
CLINICAL PHASE 3 TRIALS IN PATIENTS WITH TYPE 2 DIABETES WITH PCSK9 INHIBITORS
Diabetic dyslipidemia is characterized by elevated LDL cholesterol, the predominance of small density LDL particles, elevated triglycerides, and decreased HDL cholesterol.
14 The primary goal of the pharmacological management of diabetic dyslipidemia is to reduce the levels of LDL cholesterol, and the secondary goal focuses on reducing non-HDL cholesterol and Apo B levels. 4 To further reduce cardiovascular risk, management should include attempts to decrease triglycerides and increase HDL cholesterol. It has been proposed that non-HDL cholesterol is a therapeutic target for mixed dyslipidemia (e.g., non-HDL cholesterol <130 mg/dL [3.3 mmol/L] for high risk; <100 mg/dL [2.6 mmol/L] for very high risk). 5 Because patients with diabetic dyslipidemia have higher risks for developing both cardiovascular disease and metabolic disease, current medications (e.g., statins, ezetimibe, fibrates, etc.) are at times unsuccessful in achieving the recommended goals for LDL cholesterol (<70 mg/dL), non-HDL cholesterol (<100 mg/dL), and Apo B (<80 mg/dL). 4 Therefore, the discovery of PCSK9 inhibitors has been a promising addition to the list of potential treatment options. A pooled subgroup analysis of five phase 3 trials showed that treatment of patients with type 2 diabetes with mixed dyslipidemia with 150 mg alirocumab every 2 weeks for 24 weeks reduced LDL cholesterol levels by 57% and reduced non-HDL cholesterol by 45%. Adverse events included nasopharyngitis/upper respiratory infection (5%) and injection site reaction (3%). The safety of alirocumab was unaffected by the presence of mixed dyslipidemia. Hence, alirocumab substantially improved LDL cholesterol and non-HDL cholesterol, and non-HDL cholesterol may be used as a therapeutic target for mixed dyslipidemia. 5 In 2017, three ODYSSEY program studies of alirocumab were conducted. [6] [7] [8] The ODYSSEY COMBO II trial included 148 patients with type 2 diabetes treated with alirocumab. 6 This 104-week, double-blind trial enrolled patients with documented atherosclerotic cardiovascular disease and baseline LDL cholesterol 70 mg/dL (1.8 mmol/L). Patients received 150 mg every 2 weeks. At 24 weeks, the average LDL cholesterol levels were reduced by 49%, non-HDL cholesterol by 41%, Apo B by 31%, lipoprotein (a) by 20%, and triglycerides by 15% from baseline. Additionally, HDL cholesterol increased by 8%. 6 The study showed that over a 104-week period, alirocumab consistently resulted in greater LDL cholesterol reduction than ezetimibe for patients with or without diabetes, with a similar safety profile, regardless of baseline diabetes status. 6 The ODYSSEY-DM-INSULIN phase 3b/4 trial 8 and the ODYSSEY-DM-DYSLIPIDEMIA trial 7 have completed and results were presented at the American Diabetes Association in San Diego in June 2017. Since then, the ODYSSEY DM-INSULIN results have been officially published. 6 It randomized 441 participants with type 2 diabetes and 76 with type 1 diabetes with high cardiovascular risk and LDL-C 70 mg/dL (1.8 mmol/L) to receive either subcutaneous alirocumab or placebo in a 2:1 ratio every 2 weeks for 24 weeks. A significant reduction in LDL-C was detected for patients with type 1 and type 2 diabetes receiving alirocumab when compared to placebo (47.8% § 6.5% for type 1 diabetes and 49.0% § 2.7% for type 2 versus placebo; both P < 0.0001). Statistically significant reductions in non-HDL cholesterol and apo B were also found when compared to placebo (P values < 0.0001) without important safety concerns. The final publication for the ODYSSEY DM-DYSLIPIDEMIA trial is awaited to fill the knowledge gap regarding mixed hyperlipidemia, the most common lipid disorder among diabetics. The trial's aim was to enroll 420 participants with type 2 diabetes, mixed hyperlipidemia (non-HDL-C 100 mg/dL and triglycerides 150 and <500 mg/dL despite maximally tolerated statin therapy), and documented atherosclerotic cardiovascular disease or at least two cardiovascular risk factors. Patients were randomized to alirocumab or placebo in a 2:1 ratio. Results presented to date include 413 patients recruited with the primary efficacy endpoint reported as a 33.3% reduction in non-HDL-C in the alirocumab group compared to fenofibrate (P < 0.0001). 8 Similarly, evolocumab markedly improved lipid profiles in 246 patients with type 2 diabetes. 9 At week 12, LDL cholesterol levels were reduced from baseline by 60%, non-HDL cholesterol by 55%, total cholesterol by 38%, total triglycerides by 23%, and lipoprotein (a) by 31%. Additionally, HDL cholesterol increased by 7% (Table 1) . These data revealed the promising efficacy of evolocumab as a treatment for type 2 diabetes. Adverse events of injection site reaction and myalgia were similar across all treatment arms. Recently, Sabatine and colleagues reported the results of a prespecified secondary analysis from the Further cardiovascular Outcomes Research with PCSK9 Inhibition in subjects with Elevated Risk (FOURIER) trial in patients with or without diabetes treated with evolocumab (140 mg every 2 weeks or 420 mg once per month). 10 The FOURIER trial consisted of 11,031 patients with diabetes (40%) and 16,533 patients without diabetes (60%), with median baseline LDL-C concentrations of 92 mg/dL (2.3 mmol/L). At 48 weeks, evolocumab yielded a mean reduction in LDL cholesterol of 57% (95% confidence interval [CI], 56-58; P < 0.0001), non-HDL cholesterol by 50% (95% CI, 49-51; P < 0.0001), Apo B by 48% (95% CI, 46-48), and triglycerides by 16% (95% CI, 14-18, P < 0.0001) among patients with diabetes. Consistent with improvements in patients' lipid profiles, evolocumab significantly lowered the risk of heart attack by 27% (P < 0.001), stroke by 21% (P D 0.01), and coronary revascularization by 22% (P < 0.001). Further, evolocumab did not increase the risk of diabetes development (hazard ratio 1.05, 95% CI, 0.94-1.17) or worsen glycemia, over a median of 2.2 years of follow-up, 10, 24 regardless of baseline glycemic status. The results of the FOURIER trial presented a striking contrast compared to studies with statins in which hemoglobin A1c levels increased by about 0.12% in patients with diabetes, body weight increased (0.24 kg higher), and there was a 9% increase in the risk of new-onset diabetes. 10, 24 As a result, the FOURIER trial came to a conclusion that evolocumab lowered LDL-C and significantly reduced cardiovascular risk with similar relative efficacy in patients with and without diabetes mellitus. 10 These data led to the FDA's approval of evolocumab for the prevention of heart attack, stroke, and coronary revascularization on December 1, 2017. 13 A panel of experts in internal medicine, endocrinology, and cardiology in Greece proposed that PCSK9 inhibitors (alirocumab and evolocumab) could be used in patients with diabetes with known cardiovascular disease or chronic kidney disease (estimated glomerular filtration rate 60 mL/min/1.73 m 2 and/or albuminuria 3 months) or other target organ damage and LDL-C 100 mg/dL while on maximally tolerated lipid-lowering therapy and lifestyle modification. 11 The European Society of Cardiology and European Atherosclerosis Society Task Force consensus recommended that anti-PCSK9 monoclonal antibodies may be considered in patients with diabetes who are at very high risk and have target organ damage (even without a history of atherosclerotic cardiovascular disease and without meeting the LDL-C goal on optimum lipid-lowering therapy including statin and ezetimibe). 12 Recently, the updated 2016 American College of Cardiology Consensus Committee recommendations stated that if a statinezetimibe combination does not achieve a 50% reduction in LDL-C or if LDL-C remains >70 mg/dL, then a PCSK9 monoclonal antibody should be considered after a patient-physician discussion. 25 These new proposals provide physicians the opportunity to choose nonstatin therapeutic options to treat patients with type 2 diabetes who are unable to achieve LDL-C targets via statins.
PERSPECTIVES OF NONSTATIN THERAPY IN TREATMENT OF DIABETIC DYSLIPIDEMIA
The current hypothesis is that PCSK9-targeted therapy includes not only monoclonal antibodies but also antisense oligonucleotides, small interfering RNAs, small molecules, and many others. 26 Because these anti-PCSK9 antibodies have already demonstrated their importance, a great effort has been made by pharmaceutical companies to develop additional PCSK9 inhibitors. 27 In 2017, Pfizer Inc. 27 and Genentech Inc. 28 reported the efficacy and safety of two new anti-PCSK9 antibodies, bococizumab 27 and RG7652
28
; however, those trials were not specifically designed for subjects with diabetic dyslipidemia. It should be emphasized that different types of anti-PCSK9 drugs have distinct mechanisms of action. 26 For example, alirocumab, evolocumab, and bococizumab lower LDL-C by blocking the PCSK9-mediated downregulation of the LDL receptor, whereas the mechanism for antisense oligonucleotides is via inhibition of PCSK9 expression. 27 Unlike alirocumab and evolocumab, which are fully human monoclonal antibodies, bococizumab is a humanized immunoglobulin 2 monoclonal antibody. 27 A new report in 2017 showed that bococizumab significantly reduced concentrations of total LDL, total small LDL, and small VLDL particles from baseline when compared to placebo. Additionally, bococizumab increased the size of LDL, VLDL, and HDL particles. 27 However, in the pivotal SPIRE Trials program, there was a loss of efficacy over time with bococizumab due to antidrug antibodies. A phase 1 study of RG7652 (Roche Genentech), another fully human monoclonal antibody, revealed a substantial and sustained reduction of LDL-C, with an acceptable safety profile and minimal immunogenicity. 28 In conclusion, PCSK9 inhibitors are useful for the treatment of diabetic dyslipidemia. Research regarding the risk of developing diabetes mellitus following long-term exposure to PCSK9 inhibitors is warranted.
